Ankle arthritis is a major source of morbidity impacting a younger working age population than hip and knee arthritis. Unlike the hip and knee, more than 70% of ankle arthritis cases are post-traumatic, with the remainder being inflammatory or primary arthritis. Nonoperative treatment begins with lifestyle and shoe-wear modifications and progresses to bracing, physical therapy, anti-inflammatory medications, and intra-articular injections. Ankle arthrodesis and total ankle arthroplasty are the 2 main surgical options for end-stage ankle arthritis, with debridement, realignment osteotomy, and distraction arthroplasty being appropriate for limited indications. Level of Evidence: Level V, expert opinion.
Introduction
Unlike the arthritides of the hip and knee, ankle arthritis is primarily post-traumatic (70%) and most often from rotational ankle fractures. 102 The remaining 30% are from chronic ligamentous instability, malalignment, inflammatory conditions, neuropathy, systemic medical conditions such as hemophilia, or idiopathic. 102 In addition, end-stage ankle arthritis has significant effects on function, 1 with similar morbidity, pain, and loss of function as hip arthritis. 42 Surgical treatment has been shown to improve unemployment rates and be cost-effective on a societal level. 38 Ankle arthritis is increasingly recognized as a major source of morbidity, impacting younger adults in their most societally and monetarily productive years (age 55 for fusions and 63 for replacements 130 ). This cohort of 55year-olds likely have 10 more productive work years prior to retirement as compared to hip or knee arthritis patients who are already in their retirement years (65 in total hip arthroplasty and 66 in total knee arthroplasty 106 ). Although less prevalent than in the hip or knee, 24 ankle arthritis can lead to a greater societal impact by detrimentally affecting vocational abilities and resulting in loss of employment productivity, because of the younger age of onset. 38 naviculocuneiform joint, subtalar joint, or sinus tarsi. Range of motion (ROM) should be assessed, both of the ankle joint (dorsiflexion and plantarflexion), and the subtalar, talonavicular, and calcaneocuboid triple joint complex (eversion and inversion), with attention paid to ROM in each component. Restriction in ROM can indicate arthritic changes. Examinations should be performed bilaterally and also include observation of hip and knee alignment, gait, and neurovascular function.
Examination of ligamentous stability and associated muscles and tendons is also necessary. A positive anterior drawer test and varus stress test can indicate possible injury to the anterior talofibular ligament or calcaneofibular ligament, respectively, which are also potential etiologies of ankle arthritis. Ankle assessment should also include the peroneal tendons laterally, with palpation along their course and strength testing with resisted ankle plantarflexion/eversion. Similarly, assessment of the posterior tibial tendon should be done with palpation along its course and resisted ankle plantarflexion/inversion. Finally, it is also important to note previous surgical incisions as this may influence the surgical plan.
Radiographic classification for assessment of ankle osteoarthritis (OA) is not standardized in the literature. The definition of ankle OA is generally based on joint space narrowing, osteophytes, and subchondral sclerosis, which makes up the basis of the Kellgren-Lawrence classification system, 17 but the authors prefer to use the Canadian Orthopaedic Foot and Ankle Society (COFAS) system 69 which incorporates the presence of a tight heel cord, intra-and juxta-articular deformity, as well as adjacent joint OA ( Table 2 ). The radiographic technique for the assessment of the ankle in OA is also variable in the literature but authors generally base their assessment on weightbearing anteroposterior, mortise, lateral and hindfoot alignment views. Weightbearing views are generally considered more reliable for assessment of ankle OA. 31 Any osseous or joint deformity should be assessed above, at, and below the tibiotalar joint level. Supramalleolar alignment is assessed in coronal and sagittal planes using the medial distal tibial and anterior distal tibial angles respectively. 65, 113 Inframalleolar hindfoot alignment can be assessed on the hindfoot alignment view of Saltzman and El-Khoury. 101 The patient stands on a 6-inch platform facing the x-ray cassette placed at 20 degrees to the vertical, leaning away from the patient. The x-ray tube is positioned behind the patient perpendicular to the cassette, with the beam centered at the ankle joint. The mean moment arm as described by Saltzman is -3.2 mm (standard deviation 7.2 mm). 101 Advanced imaging modalities including computed tomography (CT), weight-bearing CT, single-photon emission CT (SPECT), and magnetic resonance imaging (MRI) contribute additional information in the workup of ankle arthritis. CT assessment in end-stage ankle OA is useful for demonstrating bone loss, cysts, and presence and extent of peritalar OA, 126 which may be useful for preoperative planning. Weight-bearing CT is a relatively new modality that enables assessment of ankle alignment in the physiologic position. Single-photon emission CT (SPECT-CT) combines a nuclear medicine detector with a CT scanner. This enables accurate localization of the part of the tibiotalar joint most affected by OA as well as demonstrate OA in adjacent joints. 66, 87 Abnormal activity in a joint indicates a high likelihood of a positive response to image-guided joint injection in the presence of joint pain. MRI is particularly useful for assessment of the ankle soft-tissue envelope and cartilage pathology, 49 which may be relevant in reconstruction cases. Imaging is essential for planning treatment in ankle osteoarthritis, enabling assessment of severity, osseous deformity, alignment, adjacent joint disease, and the status of the soft tissue envelope.
Nonoperative Treatment
Nonsurgical treatment of ankle arthritis can allow preservation of mobility and function of the patient, while averting, or at least delaying, ankle surgery. As many patients are of working age and have occupational duties, taking time off for surgery and rehabilitation may be difficult. Nonoperative cornerstones include activity modification, weight loss, shoe modification, bracing, gait aids, physical therapy, nonsteroidal anti-inflammatory medications (NSAIDs), and joint injections. Bracing, as a noninvasive means of immobilizing the ankle, can be accomplished by a variety of nonarticulated ankle-foot orthoses (AFOs) or lace-up braces, both off-theshelf and custom-made. The vast number of options leads to a paucity of strong literature for any single brace in the context of ankle arthritis. Shoe modifications, such as a rocker-bottom and cushioned soles, can assist in the mechanics of a stiff ankle or a braced ankle to allow enhanced forward propulsion and more normal gait. However, these devices can be expensive, and patient compliance is critical to success. Patients may not be able to comply given their financial and social situations. Activity modification and gait aids such as a cane can be effective but not always feasible depending on the patient's occupational requirements. Education on expectations is crucial for success. NSAIDs can provide pain relief by their antiinflammatory effect and, in the authors' experience, the best results come from consistent use over a 6-week period. Prescribers should counsel patients about side effects such as gastrointestinal ulcers and nephrotoxicity. Joint injections are another option but have variable results. Common injections include corticosteroids, hyaluronic acid viscosupplements, or the less-proven platelet-rich plasma (PRP). A Cochrane review on the use of hyaluronic acid products in ankle arthritis was inconclusive especially compared with placebo. 127 Corticosteroid injections provide low-cost and accessible symptomatic relief with an unpredictable duration of effect. 124 Currently, newer therapies such as PRP or stem cell therapy are lacking sufficient evidence to recommend. The nonsurgical regimen should be selected based on patient and physician factors, such as patient preference, level of compliance, availability of modalities, and financial cost.
Surgical Treatment
Presently, surgery for ankle arthritis is predominantly ankle arthrodesis or total ankle arthroplasty (TAA) with increasing utilization of joint-preservation realignment osteotomies and less commonly, distraction techniques. Of those, ankle arthrodesis is performed far more frequently than TAA; however, there is a trend toward increasing numbers of arthroplasty, particularly in academic centers. 94 The authors use the COFAS pre-and postoperative classification system to guide management. 69 
Ankle Arthrodesis
Ankle arthrodesis, or fusion, involves the tibiotalar joint and can include the subtalar joint for a complete hindfoot fusion. Arthrodesis is a mainstay of ankle arthritis treatment since being described by Albert in 1879. 3 Developments in the technique have been aimed at improving fusion rates and reducing invasiveness of surgery to improve overall patient outcomes. The primary indication for ankle arthrodesis in arthritis is end-stage disease with failure of nonoperative treatment. Other indications include arthrosis from previous infection, talar avascular necrosis, 59 neuropathy, inflammatory arthropathy 121 including hemophilia, 11 salvage of failed arthroplasty, 57 and rarely primary treatment following severe ankle trauma. 2, 112 Many techniques have been described for ankle fusion, and they broadly fall into 2 categories: open arthrotomy and minimally invasive. One major concern of arthrodesis is the acceleration of adjacent joint arthritis, which has been shown to be present in the triple joint complex, naviculocuneiform, tarsometatarsal, and first metatarsophalangeal joints after ipsilateral ankle fusion at 22-year follow-up. 22 Patients should be counseled about this natural history following ankle fusion. One should consider preserving some motion with a total ankle replacement in the presence of a stiff hindfoot or midfoot.
Open Arthrotomy Techniques. Several techniques have been described for open ankle arthrodesis. Laterally based approaches typically involve osteotomizing or excising the distal fibula for access to the ankle joint, such as in the classic transfibular technique described by Mann 78 in which he describes both excising and incorporating the distal fibula into the fusion. The addition of an anteromedial arthrotomy can help with medial ankle access. After preparation of the articular surfaces, the foot is neutrally positioned (detailed later) to the contralateral limb, followed by internal fixation under compression. Compression fixation was introduced by Charnley in 1951 using an external fixator. 18 Variations on the approach could include fibular-sparing techniques such as that described by Smith et al 107 and others. 5, 72, 114 Sparing the fibula is important with the increasing popularity of TAA as it can make future conversion easier. The anterior approach can be used with various forms of fixation and compression, including transarticular screws, anterior compression plates, or both. 20, 99, 125 Anterior approaches allow easier visualization of the joint surface and preservation of the fibula. It is also frequently used in trauma and may be ideal in post-traumatic osteoarthritis cases with prior anterior incisions. The use of an anterior plate is indicated with poor bone quality and strength of screw purchase if the surgeon feels screw fixation alone is inadequate. Intact posterior structures can enhance stability and compression with the anterior plating technique. An anterior plate, particularly with locking screw constructs, can increase the strength of fixation and compression in patients with poor bone quality, such as in osteopenia or rheumatoid arthritis compared with screws alone. 29, 104, 118 In addition, locking plates can help hold large deformity correction cases aligned if there are concerns for potential subsidence. In cases with poor anterior soft tissues such as with previous trauma, posterior approaches can be performed instead. This also allows visualization of both the tibiotalar and subtalar joint in the same exposure, making it a convenient technique for fusing both of these joints when indicated. There are precontoured posterior plates available for both ankle and tibiotalocalcaneal (TTC) arthrodesis.
In all cases, the joint surfaces for fusion are prepared by removing all remaining articular cartilage and preparing subchondral bone with instruments such as high speed burrs, curettes, saws, and osteotomes under direct visualization. One can preserve the tibiotalar joint shape, but beware this makes talar translation difficult. If this is desired, then creating flat fusion surfaces allows more talar translation, especially posteriorly at the cost of some shortening. Fenestration of the remaining subchondral bone surfaces is common practice using either drills, burrs, Kirschner wires, or osteotomes. Bone graft, either autogenous or substitute product, is then applied to the fusion surfaces where needed. In recent years, there has been interest in orthobiologics in foot and ankle surgery, particularly with ankle fusions, but more research is needed before one product is recommended. 75 The indications for bone graft are not clearly defined; however, there are some factors generally agreed upon as requiring it, such as prior nonunion and avascular necrosis. 8 Attempts have been made to develop a risk assessment model for nonunion 120 but there is still inadequate information to develop formal guidelines on when to use bone graft product. One must also consider the cost-benefit ratio as some products are expensive.
Correct alignment of the arthrodesis is required. Ideally, ankle dorsiflexion is neutral with rotation to match the contralateral side. Coronal alignment should allow about 5 degrees of hindfoot valgus, which occurs naturally through the subtalar joint in normal individuals. Thus, the tibiotalar surfaces should be well-apposed and parallel to the talar dome in the coronal plane. The talus should be posteriorly translated relative to the tibia, effectively shortening the lever arm of the foot and reducing the torque through the midfoot and fusion site with load-bearing. This is a commonly held belief and, in the authors' experience, helps with foot progression, but high-quality evidence is lacking and this is expert opinion. Beware of excessive posterior translation, which reduces available talar bone stock for plate fixation. Kirschner wires may be used for provisional fixation prior to definitive fixation, and attention must be paid to compressing across the fusion site to maintain the desired position. Typically cannulated larger screws are used (such as 6.5-mm or 7.3-mm partially threaded variety) or solid smaller screws (such as 3.5-mm "small fragment" screws). The appropriate screw trajectory can be challenging to find, and one risks larger bone loss with misplaced larger screws (and associated screw tract) that need to be replaced, hence the utility of obtaining the correct trajectory with much thinner guidewires and passing the larger cannulated screws only once. Compression is achieved via headed partially threaded screws or headless variable pitch screws with various configurations previously described. 48, 53, 78, 84 If an anterior plate is utilized, then locking constructs may be selected for enhanced fixation, and compression can also be achieved with compression plating techniques. Constructs with lateral plating 12 and blade plating 109 have also been described. The objective in all cases is adequately debrided fusion surfaces free of cartilage, well apposed and compressed with stable rigid fixation.
Postoperatively, the ankle is immobilized and kept nonweight bearing for a minimum of 6 weeks but up to 12 weeks in patients with higher-risk comorbidities such as diabetes mellitus. Knee scooters to facilitate non-weight bearing are easier to use than crutches or wheelchairs. Some authors advocate for earlier weight bearing and have demonstrated good results. 16 Sutures are removed at approximately 2 weeks or when the wounds have healed. After the immobilization period, weight bearing is initiated as tolerated in a protective walker boot. Patients may continue to benefit from shoe modifications such as a well-cushioned rocker sole to accommodate the resultant stiff hindfoot after fusion. Physical therapy may commence for strengthening, balance, gait training, and overall mobility. Routine radiographs are taken to assess for bony union and any fixation complications, typically at 2, 6, and 12 weeks, then 6 months and 1 year, if needed. However, it can be difficult to determine if a fusion is successful based on plain radiographs alone, and studies have attempted to define the best method. 30, 41 Plain radiographs are useful, however, for assessing the maintenance of the fusion position and if the selected fixation is still intact. CT scans can be used to assess percentage of fusion or to guide mobility, with 25% fusion mass indicative of a clinically successful fusion, although more fusion is shown to be beneficial. 41 Time to union has been reported to average 14.5 weeks with open arthrodesis. 82 Minimally invasive techniques. Arthroscopic techniques for arthrodesis have grown in popularity to avoid the large incisions and dissections associated with open techniques and the associated wound complications. In addition, there is less soft-tissue stripping and therefore less disruption of vascular supply to bone. Large coronal plane deformities beyond 15 degrees 35 may be a contraindication because of the limited ability to correct the deformity, although this has recently been called into question. 103 Conventionally, the arthroscopic joint preparation is performed through standard anteromedial and anterolateral portals; however, posterior arthroscopic fusion techniques have been described with good results. 73 Tourniquet use is surgeon preference and has the advantages of a bloodless surgical field. Tourniquet time is a limitation, and if placed on the calf, then the gastrocnemius-soleus complex is mechanically tethered and limits ankle range of motion, which may make arthroscopy more difficult. Scope size is surgeon preference; the authors recommend using 2.9-to 4.0-mm-diameter arthroscopes with a 30-degree angle. The larger the scope, the larger the field of view and flow of arthroscopic fluid, but this may increase the difficulty of maneuvering around the joint.
Conversely, a smaller scope is easier to maneuver but will provide a smaller field of view, with a lower rate of flow. The arthroscope is used to visualize the joint surface to remove all cartilage. The patient is generally positioned supine with the hip and knee slightly flexed on a bolster of choice, and traction can be applied to the foot to increase the available joint space for arthroscopy. Standard anteromedial and anterolateral portals are established, and a diagnostic arthroscopy is performed. Visualization is improved by shaving synovial tissue and removing marginal osteophytes with an arthroscopic burr. With adequate debridement, the entire tibiotalar joint can be visualized for joint preparation. A combination of arthroscopic shaver and burr is effective in removing articular cartilage (Figures 1 and 2) . Standard curettes are often simpler instruments to navigate the tight contours of the ankle joint. To aid in reaching the posterior ankle, additional posterior portals and accessory portals can (Figures 3 and 4) in the same manner via the arthroscopic portals, and then all fluid is evacuated from the joint followed by insertion of bone graft product. Arthroscopy without fluid is used to direct and verify bone graft product placement. The traction is then removed, followed by the same positioning and fixation as above with screws.
Screw fixation configurations can be done much in the same way but percutaneously rather than through open incisions. As with arthroscopy portals, care must be taken to avoid damaging both subcutaneous and deep neurovascular structures when creating percutaneous screw tracts; only the skin is incised sharply and careful blunt dissection is used through the deeper layers. Contrasting with open techniques, plate fixation cannot be performed. The author's preferred fixation construct is 3 large cannulated transarticular screws, either 6.5-mm headed or variable-pitch headless. The first screw is inserted either through the lateral or medial tibial cortex into the talar body under compression, depending on the intra-articular deformity correction desired ( Table 3 ). The next screw is inserted as fully threaded for fixation through the remaining side. The third and final screw is the "home-run" screw as previously described, 53 inserted posterolaterally from the posterior malleolus into the talar body in line with the talar neck. Alternate screw trajectories and screw insertion order can be used depending on the deformity correction that is required in combination with manual manipulation ( Table 3 and Figures 5-12) .
A miniarthrotomy technique has been described 81,89 that is a variation on the arthroscopic approach. Working portals are created like anterolateral and anteromedial arthroscopic ankle portals, but with larger incisions. Distractors are inserted to open the ankle joint space and the fusion surface is prepared like in open arthrotomy techniques with the same instruments via the established small incisions. The benefit is to minimize soft-tissue dissection and stripping and therefore wound complications much like arthroscopic techniques but also have more power to correct coronal plane deformities. The degree of correction is less reliable though, according to some authors. 48 The hindfoot nail. A hindfoot nail is a salvage device used to fuse the ankle joint in conjunction with the subtalar joint (tibiotalocalcaneal [TTC] arthrodesis). TTC arthrodeses need not be performed with the nail, but this device is useful in cases of severe deformities such as in Charcot arthropathy, rheumatoid arthritis, or with substantial degeneration of both joints. It is also used in severe talar bone loss, such as in trauma, for TTC fusion with structural bone graft or a direct tibiocalcaneal fusion. 96 The hindfoot nail is inserted through minimal incisions and is a particularly good complement to posterior arthroscopic arthrodesis that allows preparation of both the ankle and subtalar joint. However, it can also be used with traditional open approaches as well, and provides a load-sharing construct like a tibial or femoral nail. The trend with hindfoot nail fusions is to use lateral/perifibular approaches with separate medial approaches as needed, such as to correct a valgus deformity with medial malleolar shortening osteotomy, as opposed to a traditional direct anterior approach. Straight nails may have a higher risk of lateral plantar neurovascular injury and causing difficulty with maintaining normal hindfoot valgus and thus curved nails were introduced with a more lateral start point and promising results. 15 However, complication rates are reported as high as 40%, 71 with potential nonunion rates up to 15.8%. 96 Given this and the fusion of the subtalar joint, this procedure's purpose should be a salvage to provide a stable plantigrade foot that can be walked upon while allowing pain relief and not for routine ankle arthrodesis.
External fixation. Ankle arthrodesis with external fixation such as the Ilizarov technique using circular frames have also been described with some success. 9, 47, 55 Cases where traditional internal fixation is not ideal, such as with active infections, poor bone quality for screw purchase, or open wounds at high risk of infection, are good candidates for external fixation while also allowing early weight bearing. 33 This technique is also a powerful tool for deformity correction using specialized ring-fixator constructs based on the technique of Ilizarov, and it allows adjustment outside the operating theater although specialized expertise is required. This has been used in severe deformity cases such as in Charcot arthropathy, leg length discrepancy, and other complex comorbidities with satisfactory union rates. 36 Given the nature of external frames, the disadvantages include having the bulky external frame for prolonged periods, open pin sites requiring care, and a compliant patient who can look after the frame. Therefore, this technique is best used as a salvage in specific indications such as challenging revision cases, possibly with infection, severe deformity or a poor soft-tissue envelope rather than a routine option in ankle arthrodesis.
Results
Several studies have reported good outcomes with ankle arthrodesis. Ankle fusion patients tended to remain active but often opt for less demanding sports, while having adequate functional outcomes and pain relief 60 with an improved gait. 13 Historically, complication rates were high and included non-union, malunion, infection, or amputation. 50 90 Other studies demonstrated faster union with arthroscopic fusions. 83 A recent systematic review showed arthroscopic arthrodesis to yield improved fusion rates, lower tourniquet time, and lower length of stay but surgical time, infection, and complication rates were similar. 54 
Total Ankle Arthroplasty
Total ankle replacement (TAA) as an alternative to arthrodesis is attractive for preservation of ankle joint motion and to better replicate normal gait while still relieving pain. Indications for TAA were classically limited to end-stage arthritis, more commonly inflammatory than post-traumatic in the older low-demand patient, with contraindications including Charcot arthropathy, active infection, obesity, poor vascular status, poorly controlled diabetes, and multiplanar foot or ankle deformities. 26, 123 However, indications are expanding as surgical expertise and implant design improves. TAA has the potential benefits of offloading adjacent joints and potentially delaying the progress of adjacent joint degeneration that may diminish outcomes, and thus should be considered when there is concomitant ipsilateral subtalar stiffness or arthritis. Multiplanar deformities should be corrected prior to TAA or during the same surgery. Critical patient factors to consider include activity level and age given the limited longevity of TAAs. A recent review of international registry data shows revision rates between 4.6% and 17% at 5 years, and between 18.4% and 31% at 10 years. 115 Reports on specific implants frequently demonstrate survival over 80% at 10 years. 115 Treating ankle arthritis with arthroplasty rather than fusion began with Eloesser's report of allograft joint transplantation in 1913 32 and ankle hemiarthroplasty in 1962 by Larson. 44 The first generation of prostheses was generally 2component cemented designs that poorly replicated ankle kinematics and had unacceptably high failure rates with potentially poor bony incorporation characteristics. 121 However, interest in TARs increased with the ongoing success of total hip and knee arthroplasty, leading to the second generation of TAA implants. These are typically uncemented 2-component designs with a modular ultrahigh-molecularweight polyethylene bearing (UHMWPE) fixed to the tibial component with a separate talar component, or 3-component designs utilizing a mobile UHMWPE bearing. The "third generation" includes mobile bearing designs borrowed from the same principle in mobile-bearing knee arthroplasty designs meant to allow high congruity of articulating components to best distribute load, while still minimizing constraint and therefore load transmission to the fixed components leading to failure. 44 Limitations in FDA requirements in the United States led to development of the current implants (sometimes considered the "fourth generation") with fixed-bearing prostheses and a modular UHMWPE liner that attaches to the tibial component. The newest frontier of TAA is patient-specific implant placement guides thought to allow more accurate and predictable implant placement, but more data are warranted. 97 Balancing the ankle. It is critical to address concomitant lower limb deformities in ankle arthritis to allow a balanced TAA, 19, 40 but it is unclear how much deformity is still tolerable. Deformities can be classified into intra-articular (ie, varus or valgus malalignment of the talus relative to the tibia causing incongruence) or extra-articular (ie, proximal or distal to the ankle joint); these are not mutually exclusive and can coexist.
Deformities in the hip, femur, knee, and tibia all affect overall mechanical axis alignment in the lower limbs. The deformities are ideally corrected from proximal to distal as smaller changes proximally will be magnified more distally. Treatment of these deformities begins with thorough assessment and imaging of complete lower limb alignment and may include corrective osteotomies or arthroplasty of the hip and knee. Similarly, foot deformities should be corrected as well. A planovalgus or cavovarus deformity should be treated as if there was no ankle arthritis. Assessment of degenerative and/or unstable joints can help determine which joints to fuse. Hindfoot valgus or varus can be treated with medializing or lateralizing calcaneal osteotomies, respectively. Triple fusion is a reasonable foot deformity correction option in patients with extensive degeneration, severe deformity, and advanced age prior to TAA. Other deformity patterns should be treated accordingly. These procedures can be done as a staged procedure with TAA or in the same setting depending on surgeon preferences and experience. If staged, then the deformity correction should be performed prior to TAA, or very shortly after TAA, to minimize potential eccentric loading through the arthroplasty. In any case, the ultimate goal is the same: to achieve a stable plantigrade foot to support a TAA.
An incongruent ankle joint is associated with failure of TAA. 46, 98 Conversely, TAA after correction of coronal plane malalignment has been shown to be similarly successful to those with minimal preoperative deformity. 61 Thus, these deformities must also be corrected to avoid edgeloading after TAA implantation. Intra-articular varus or valgus deformity of the ankle can be corrected concomitantly with the TAA. In both cases, thorough removal of osteophytes should be performed, which can help with implantation of the TAA and decrease tension in the surrounding soft tissues. Minor attenuations in the lateral or medial ligamentous structures can be accommodated by increasing the UHMWPE liner thickness. The varus ankle may require medial release of the deltoid ligament for adequate correction. Alternatively, a medial malleolar osteotomy can be performed for a similar effect while preserving deltoid ligament bony attachments but requires internal fixation. 28 A varus ankle with a deficiency in the lateral ligamentous complex can be supplemented by a lateral ligament repair or reconstructive procedure in addition to the TAA. The valgus ankle is approached with similar principles. Classically a deltoid ligament deficiency in a valgus ankle was a contraindication for TAA. 26 However, deltoid advancement can be performed with sufficient residual tissue or formal allograft/ autograft reconstructive procedures without 40 and thus surgeons should be ready to address this at time of TAA as needed or afterwards as a staged procedure. The intention is to maintain the medial restraint to talar alignment within the ankle mortise allowing congruent loading through the prosthesis. The deltoid is certainly important in TAA, such as in concomitant grade 4 posterior tibial tendon insufficiency, while the treatment is up for debate. 27 Results. First-generation TAAs had an unacceptably high failure rate 63, 119, 121 thought to be from the large bone resection required, poor ability to replicate ankle kinematics, and lack of understanding of soft tissue balancing and ankle alignment. 121 The Agility prosthesis (DePuy, Warsaw, IN) is the most commonly reported 2-component TAA but it was plagued with a high complication rate 23, 80, 110 despite having reasonable survival compared with other TAAs 95 and similar patient-reported outcomes. 74 Failure was often associated with a syndesmosis nonunion. 64 Newer designs, combined with a better understanding of foot deformity correction with TAA, 27, 79 have led to improved clinical results and survival. The high variability in quality of the published data make interpretation of TAA results difficult. 131 25 Newer still is a 15-year reported metalcomponent survival of 63.6% to 73% 68,88 and 19-year survival of 55%. 37 Other implants showed similar results, such as the Salto Talaris with approximately 95% survival at 5 years. 52, 111 The newer Infinity TAA (Wright Medical, Memphis, TN) has limited published data; short-term results are promising 92,100 but have been contested. 21 The benefits of a fixed bearing vs mobile bearing are unclear; one study comparing these 2 designs failed to show a difference. 39 Despite recent advances and understanding of ankle kinematics, TAA still does not normalize gait. 58 Comparing Arthrodesis to TAA An early systematic review demonstrated similar outcomes between TAA and ankle arthrodesis. 45 However, the data then were not of high quality and the authors were unable to make strong conclusions. A paper by the COFAS group in 2014 reviewed 321 ankle arthritis cases treated with fusion or TAA with a mean follow-up of 5.5 years and showed similar outcome scores between the 2 procedures. However, TAA resulted in higher complication rate (7% arthrodesis vs 19% TAA) and reoperation rate (7% arthrodesis vs 17% TAA). 25 Newer literature demonstrated increased complications and reoperations with TAA compared with arthrodesis, but both achieved similar clinical outcomes. 62, 77 Another study showed that TAA patients have improved motion, pain control, and perceived outcomes postoperatively. 91 However, both have poorer outcomes if swelling is significant. 129 Level I evidence for TAA compared with fusion is still lacking, and hence the justification for the in-progress multicenter randomized trial of total ankle replacement vs arthrodesis (TARVA) based in the United Kingdom. 43 
Joint-Preservation Strategies
Aside from arthrodesis and TAA, there exists other recognized but less common surgical treatments. Joint preservation strategies are ideal for the younger population and have been of interest in the hip, knee, and ankle as an alternative to arthroplasty or arthrodesis. In the ankle, these include simple debridement, realignment osteotomies, distraction arthroplasty, and other less common procedures.
Joint debridement. The purpose of debridement in ankle arthritis is primarily removal of marginal impinging osteophytes to relieve both the impingement causing pain and associated stiffness in cases of mild arthritis. This treatment can be performed via open surgical approaches, but is frequently done arthroscopically with improved results. 105 The technique involves performing a diagnostic arthroscopy, identifying the impinging osteophytes, and removal with burrs, curettes, and rongeurs. Impingement can be a result of malalignment, and in these cases, consideration should be given to correction of this malalignment in addition to addressing the osteophytes, such as in planovalgus deformities. Debridement is not appropriate for moderate or severe cases of arthritis; by removing osteophytes and increasing range of motion through arthritic articular surfaces, this can cause increased pain and poor outcomes. 4, 85 Realignment osteotomies. In patients with ankle arthritis affecting only a portion of the joint surface, realignment of the mechanical axis such that weight-bearing shifts to the preserved portion of the joint can be performed with osteotomies. The ideal candidate is a younger, active individual who does not want a joint-sacrificing procedure such as fusion or arthroplasty. Conceptually, this is akin to the high tibial osteotomy for varus knee medial osteoarthritis to preferentially load a preserved lateral compartment. Physical examination findings can suggest a role for realignment prior to any imaging. For example, a planovalgus deformity with tenderness in the lateral gutter and sinus tarsi is consistent with a valgus pattern of ankle arthritis and possible preservation of the medial side of the joint. If this diagnosis is confirmed on imaging, realignment surgery may be possible instead of ankle fusion or replacement. The obvious prerequisite is eccentric wear with some remaining articular cartilage to load through after realignment, ideally 50% or more. 51 In cases of underlying foot deformity and asymmetrical ankle arthritis, such as a planovalgus foot with primarily lateral ankle arthritis or cavovarus foot with primarily medial ankle arthritis, correction of the foot deformity may also realign the mechanical axis enough to relieve pain. The commonly reported supramalleolar osteotomy is a powerful technique that affords a higher degree of angular correction for this purpose as it occurs more proximally and can be done in combination with foot deformity correction. The end goal is to restore neutral talar alignment within the mortise both in the sagittal and coronal planes, and slight overcorrection is sometimes advocated. 51 In varus ankle arthritis, a medial opening wedge osteotomy with bone graft is typically done, although a lateral closing wedge osteotomy is also an option. Similarly, valgus ankle arthritis can be treated with medial closing wedge supramalleolar osteotomies or lateral opening wedge osteotomies. In either case, fixation is usually with plates and screws but external fixation is also an option, and deformity correction can be done with adjustable ring fixator systems. Angular corrections over 10 degrees may require concomitant fibular osteotomies, 7 and large opening wedge osteotomies will cause lengthening. One must be cautious of lengthening to the surrounding soft tissues such as tendons and nerves, and dome osteotomies should be considered instead to minimize this. Many series have been published with good results. 6, 67, 86, 116 This technique has potential use with appropriate patient selection, but current literature is still insufficient to recommend broadly. 70 Distraction arthroplasty. This technique involves the application of a ring external fixator to the ankle to apply distraction across the tibiotalar joint to unload it, relieving pain and possibly delay or reverse osteoarthritis. 10 The frame can be fixed but is usually hinged at the ankle to allow motion, and the patient is permitted to weight bear. 70 The ideal candidate is one who is not suitable for other joint-preservation techniques, but does not want joint-sacrificing surgery such as fusion or arthroplasty. Indications and technique are well described, 10 but the mechanism of action is still unclear, results confounded by concomitant procedures, and scientific evidence to support its general use in ankle arthritis is insufficient, according to several reviews. 10, 70, 108 Other procedures. There has been some interest in other even less common procedures, such as interpositional arthroplasty and osteochondral allograft transplantation, but current evidence is lacking to recommend them. 70 
Conclusion
Although less common than that of the hip or knee, ankle arthritis is a significant disease of variable etiology affecting a younger working-age group with an increasing number of reliable surgical and nonsurgical treatments. Proper treatment of these conditions depends on meticulous patient evaluation both of the ankle pathology as well as systemic medical issues and lower limb alignment. The invasive nature of surgical treatments warrant exhausting nonoperative measures first and delaying the index procedure. However, failure of nonsurgical treatments would merit surgery in an appropriate candidate. Arthroscopic ankle arthrodesis, although still less commonly performed in the United States compared with open techniques, can be the superior fusion technique in experienced hands in patients with limited coronal plane deformity because of its inherent minimally invasive nature. In the future, more durable TARs may allow usage in younger patients in addition to the gold standard of ankle arthrodesis for end-stage ankle arthritis. Better understanding of ankle anatomy and biomechanics may increase the prevalence of joint-preservation techniques such as supramalleolar osteotomy in this unique population.
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